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Abstract 
       Condition monitoring plays an important role in estimating health condition of capacitors because the ageing 
of the capacitors is usually accompanied by an increase in equivalent series resistance (ESR) and a decrease in 
capacitance. Either capacitance or ESR cannot be a unique indicator of the lifetime of capacitors in some cases. 
This paper presents a condition monitoring method of a dc-link capacitor used in a three-phase PWM inverter 
with a front-end diode rectifier intended for motor drives.  The monitoring method extracts both the ESR and 
capacitance of a capacitor under test from the actual ripple current and voltage without disconnecting the 
capacitor nor injecting an additional current.  The monitoring method, therefore, can be implemented online. 
Experimental results verify that the monitoring method independently obtains the ESR and capacitance changes 
of the capacitor under test.  This contributes to accurate lifetime estimation of dc-link capacitors. 
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1. Introduction
Three-phase pulse-width modulated (PWM)
inverters with a front-end diode rectifier are widely 
used in motor drives without regenerative braking. 
Their DC-link capacitors act as an energy buffer to 
compensate for the instantaneous power difference 
between the rectifier and the inverter. 
The DC-link capacitors, however, are a major 
factor in degrading the reliability because they 
usually have a shorter lifetime and higher failure rate 
than semiconductor and magnetic devices [1]. 
Reference [2] provides a survey of reliability in 
power electronic converters, which describes that the 
capacitors were chosen by 18% of fragile 
components responsible for converter failure.  
Condition monitoring plays an important role in 
estimating health condition of power electronic 
converters including their capacitors [3-11]. Ageing 
of the capacitors is usually accompanied by an 
increase in equivalent series resistance (ESR) and a 
decrease in capacitance [12-15]. 
The authors of this paper have revealed that 
either capacitance or ESR is not always a unique 
indicator of the lifetime of aluminum electrolytic 
capacitors [16], where an ageing test of the 
capacitors was carried out. The test has confirmed 
that a higher dc-bias voltage brings a faster increase 
in ESR but results in a slower drop in capacitance in 
a range less than the rated voltage. This result 
implies that the estimated lifetime by the ESR is 
different from that by the capacitance. Hence, both 
the capacitance and ESR measurements are 
necessary for condition monitoring.   
This paper proposed a condition monitoring 
method of a dc-link capacitor used in a three-phase 
inverter with a front-end diode rectifier for motor 
drives. The proposed method independently extracts 
the capacitance and ESR without disconnecting the 
capacitor nor injecting an additional current. 
2. Ripple current flowing into a dc-link capacitor
in three-phase PWM inverter with a front-end 
diode rectifier 
2.1. Circuit configuration 
Fig. 1 shows a three-phase PWM inverter with 
a front-end diode rectifier used for experiment. The 
diode rectifier provides the sixth harmonic of the line 
frequency, 6S, in theory, and also generates the 
second harmonic, 2S, in practice due to an 
imbalance of the three-phase line voltage or 
impedance.  The three-phase inverter provides 
switching ripple current that contains the switching 
frequency and its multiple components. As a result, 
the ripple current contains multiple frequency 
components in a wide frequency range. This helps 
monitor the ESR and capacitance as discussed later. 
2.2. Voltage and current sensing 
This paper introduces a dc blocking filter into 
sensing of the capacitor voltage because the 
capacitor voltage contains a dc component that is 
much larger than the ripple component. This allows 
to utilize a lower voltage sensor and improves the 
resolution of voltage sensing.   
Fig. 2   Equivalent circuit of the capacitor for analysis 
Fig. 1 Three-phase PWM inverter with a front-end diode 
rectifier used for experiment, indicating ripple current 



















The dc blocking filter consists of a first-order 
CR high-pass filter.  The cutoff frequency of the 
filter, F, is given by 
   
 
    
    [rad/s]                  (1) 
where CF and RF are the capacitor and resistor of the 
CR high-pass filter, respectively. The cutoff 
frequency should be larger than all the frequency 
components of ripple current.  The minimum 
frequency of the ripple current is the second 
harmonic, 2S, so that the cutoff frequency is 
designed to be larger than 2S. This paper selects a 
cutoff frequency of 33 Hz (CF = 0.47 F, RF = 10 
k) for experiment.  
In designing the capacitor CF and resistor RF of 
the filter, attention should be paid to the blocking 
voltage of the capacitor and to the dissipated power 
of the resistor. The capacitor has the same blocking 
voltage as the dc-link capacitor has because the dc 
mean voltage across the capacitor is the same as that 
of the dc-link voltage. Since the resistor has only the 
ripple component, its dissipated power is greatly 
small. 
A current sensor is installed on the negative 
terminal of the capacitor under test. 
 
3. Condition monitoring method 
 
3.1. Extraction of ESR and capacitance 
 
 Since the ripple current of the dc-link capacitor 
contains multiple frequency components, it can be 
given by [17] 
                         
 
          (2) 
where ICUT(k) and k are the amplitude and initial 
phase angle for each frequency, respectively.  
Fig. 2 shows an equivalent circuit of the capacitor 
under test for this analysis, where RS stands for the 
ESR of the capacitor. The voltage across the 
capacitor under test is given by 
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From Equations (3), the amplitude of vCUT at each 
frequency is given by 
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Dividing (4) by ICUT(k) gives the impedance of the 
capacitor at each frequency as follows: 
         
        
        
   
 
   
 
 
   
       (5) 
Equations (5) suggest that the capacitance and ESR 
are independently calculated if impedances at 
different frequencies are obtained.  Multiple 
frequency components of the ripple current help 
calculate the capacitance and ESR. 
 
 
Fig. 4 Variations of the impedance profile according to 
capacitance or ESR change 
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3.2 Procedure of the condition monitoring 
 
Fig. 3 shows the procedure of the proposed 
condition monitoring method. The fast Fourier 
transform (FFT) is used for extracting ICUT(k) and 
VCUT(k). Plotting ZCUT(k) at each frequency gives 
an impedance profile.  Introducing a fitting curve by 
the least squares method makes it possible to obtain 
the capacitance and ESR.  Since the method is 
available without disconnecting the capacitor, it can 
be implemented online. 
Fig. 4 illustrates a variation of the impedance 
profile. An increase in ESR brings a larger offset 
value, whereas a decrease in capacitance results in a 
larger value in a low-frequency region. 
Although this method brings a computer burden 
because of using FFT, low-cost microprocessor 
boards, like Raspberry Pi and Arduino, are available. 
In addition, this method does not require a fast 
computation time because the ageing of capacitors 
progresses of the order of 100 hours.   
Note that the equivalent series inductance (ESL) of 
the capacitor has an influence on the impedance 
profile.  In practice, however, this influence appears 
only in a high-frequency region.  Hence, bandwidth 
 
(a) Condition A. 
 
(b)  Condition B: ESR increase of 150 m. 
 
(c) Condition C: Capacitance decrease of 100 F. 
 
(d) Condition D: ESR increase of 150 m and Capacitance 
decrease of 100 F. 
 
Fig. 6   Experimental waveforms of the ripple current iCUT. 
 
 
(b) Condition A. 
 
(b)  Condition B: ESR increase of 150 m. 
 
(c) Condition C: Capacitance decrease of 100 F. 
 
(d) Condition D: ESR increase of 150 m and Capacitance 
decrease of 100 F. 
 
Fig. 5   Experimental waveforms of the ripple component of 
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4. Experimental results 
 
4.1 Experimental Conditions 
 
 This paper introduces the following conditions 
for the capacitor under test, CUT: 
 Condition A: CUT = 1100 F. 
 Condition B: CUT = 1100 F with an 
intentionally-connected series resistance of 150 
m, which shows the effect of an increase in 
ESR. 
 Condition C: CUT = 1000 F, which indicates 
the effect of a decrease in capacitance. 
 Condition D: CUT = 1000 F with an 
intentionally-connected series resistance of 150 
m, which indicates both the effects of a 
decrease in capacitance and an increase in ESR. 
Aluminum electrolytic capacitors with the rated 
voltage of 350 V were used in all the conditions. 
Table I summarizes circuit parameters and ratings 
of the three-phase PWM inverter. 
 
4.2 Experimental Waveforms 
 
Fig. 5 shows the ripple component of the capacitor 
voltage,      , which was obtained from the output of 
the dc blocking filter. In Fig. 5 (b), the amplitude of 
      was larger than that in Fig. 5(a), where the 
carrier-frequency component especially increased. 
This is because the capacitance had a lower 
impedance at the carrier frequency (14 m at 10 
kHz) than the series resistance of 150 m.  Thus, the 
carrier-frequency component was almost determined 
by the resistance.  In Fig. 5(c),  the amplitude of 
      was also larger than that in Fig. 5(a), in which 
2S and 6S components increased due to the 
decrease in capacitance. 
Fig. 6 shows the ripple current iCUT. All the 
waveforms were almost the same unlike the 
capacitor voltage because the ripple current provided 
by the inverter act as a current source [13].  The 
ripple current flowing out of the diode rectifier also 
behaved as a current source because of the dc 
inductor LDC. 
 
4.3 Impedance Profile 
 
Fig. 7 shows impedance profiles obtained from FFT 
results of       and iCUT in a wide frequency range 
including 2S (120 Hz), 6S (360 Hz), the carrier 
frequency (10 kHz), and its multiples.  In Fig. 7(a), 
the capacitance obtained from the fitting curve well 
agreed with CUT = 1100 F.  In Fig. 7(b), the ESR 
increased by 199 m that was almost same as the 
intentionally-connected resister. In Fig. 7(c), the 
capacitance decreased due to the smaller capacitance 
of CUT = 1100 F.  In Fig. 7(d), both the capacitance 
and ESR were changed. 
These results confirmed that the monitoring method 




 This paper has proposed a condition monitoring 
method of a dc-link capacitor used in a three-phase 
PWM inverter with a front-end diode rectifier. 
Experimental results confirmed that the proposed 
method independently extracts the capacitance and 
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